Facts
=====

Plasma membrane-located TRAIL-R1/R2 induce both cell death and non-apoptotic signaling pathways.Tumor cells show elevated intracellular levels of TRAIL-R1/R2.Nuclear TRAIL-R2 interacts with the Microprocessor complex, inhibits let-7 maturation and enhances tumor cell proliferation.

Open Questions
==============

What is the mechanism of nuclear import/export of TRAIL-R2 and how is this regulated?Which miRNAs, beside let-7, are regulated by nTRAIL-R2?What are additional specific functions of nTRAIL-R2? Is there any impact of other TRAIL-Rs (TRAIL-R1, -R3 and -R4) on nuclear localization and function of TRAIL-R2?Do TRAIL-R1, TRAIL-R3 and TRAIL-R4 possess independent specific nuclear activities?Is there a specific function of cytoplasmic TRAIL death receptors?

The death ligand TNF-related apoptosis-inducing ligand (TRAIL), a member of the TNF cytokine superfamily, interacts with five different receptors, plasma membrane-expressed TRAIL-R1-4 and a soluble receptor, osteoprotegerin (OPG), all members of the TNF receptor superfamily.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib7],\ [@bib8]^ Two TRAIL receptors, TRAIL-R1/DR4 and TRAIL-R2/DR5/TRICK/Killer, contain a cytoplasmic death domain (DD) and are hence able to induce apoptosis.^[@bib1],\ [@bib2],\ [@bib3]^ Therefore, they are also referred to as the TRAIL death receptors.

TRAIL has governed particular interest because of its apparent tumor cell-specific apoptosis-inducing capacity.^[@bib9],\ [@bib10]^ Consequently, TRAIL and agonistic TRAIL death receptor-specific antibodies are regarded as promising therapeutic agents for treatment of various malignancies and are currently under clinical investigation.^[@bib11],\ [@bib12],\ [@bib13]^ However, many tumor cells are resistant to TRAIL-mediated apoptosis and, furthermore, TRAIL death receptors may induce pro-inflammatory, invasion- and metastasis-promoting non-apoptotic signaling pathways under certain conditions.^[@bib14],\ [@bib15]^ These observations point to the necessity to improve TRAIL-R1/R2-targeting therapies by combination with molecules sensitizing to cell death and at the same time inhibiting potentially harmful non-apoptotic signaling.

Overexpression of TRAIL-R1 and/or TRAIL-R2 has been demonstrated for many tumor entities ([Table 1](#tbl1){ref-type="table"}).^[@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23],\ [@bib24],\ [@bib25],\ [@bib26],\ [@bib27],\ [@bib28],\ [@bib29]^ Importantly, these studies detected mainly an intracellular localization of the receptors, suggesting that intracellular TRAIL-R1 and TRAIL-R2 may provide a growth advantage or other benefit for tumor cells. Indeed, correlation of the expression status with clinical parameters disclosed prevalent prognostic significance of high death receptor expression, identifying predominantly TRAIL-R2 and occasionally also TRAIL-R1 as negative prognostic markers ([Table 1](#tbl1){ref-type="table"}). For example, high TRAIL-R2 expression correlated with higher tumor grade, positive nodal status and shortened survival of breast cancer patients.^[@bib20],\ [@bib21]^ Strong TRAIL-R2 expression also negatively correlated with disease-free survival of patients suffering from metastatic HNSCC.^[@bib23]^ For stage I and II NSCLC, high TRAIL-R2 expression correlated with poorly differentiated tumors and significantly reduced patient survival.^[@bib27]^ Similarly, poorly differentiated areas of stage III NSCLC showed high expression of TRAIL-R1 and TRAIL-R2, but only TRAIL-R2 positivity was associated with an increased risk of death.^[@bib28]^ Moreover, pancreatic cancer cells with stem cell characteristics also express TRAIL-R2 at increased levels.^[@bib30]^ Correspondingly, high intracellular expression of TRAIL-R2 has been demonstrated for stem cells at the base of the intestinal crypts in the small intestine.^[@bib31]^

Reports of positive correlation between receptor expression and better prognosis are occasionally also found. Thus, TRAIL-R1 was identified as an independent prognostic marker for a more favorable course of colorectal carcinoma.^[@bib18],\ [@bib19]^ In bladder cancer, higher levels of either TRAIL-R1 or TRAIL-R2 correlated with longer recurrence-free survival.^[@bib29]^ In glioblastoma multiforme, high expression of both TRAIL-R1 and TRAIL-R2, of note mainly expressed at the cell surface, was found to be associated with longer overall survival of the respective patients.^[@bib22]^

So far, mainly the overall tissue expression level of TRAIL receptors and occasionally also their presence at the cell surface were taken into account when estimating their values as a prognostic marker for cancer. However, recent discoveries on TRAIL-R2 functions revealed that even though an enormous body of information on death receptors has been gathered, our knowledge of the cellular functions of these receptors is still incomplete.^[@bib16]^ The authors report that nuclear TRAIL-R2 (nTRAIL-R2) is engaged in microRNA (miRNA) maturation, thus performing functions entirely different from its classical role as a plasma membrane-located signal transducer. With this finding, the frequently observed high intracellular expression of TRAIL-Rs in tumors gains importance and demands careful re-evaluation.

Here we review the known functions of human TRAIL death receptors with respect to their subcellular compartmentalization. The novel nuclear functions of TRAIL-R2 will be discussed in comparison to nuclear functions of other conventionally plasma membrane-located cytokine and growth factor receptors.

TRAIL Receptors and Their Classical Functions at the Plasma Membrane
====================================================================

The best understood function of TRAIL-R1 and TRAIL-R2 is the induction of apoptosis (reviewed in Gonzalvez and Ashkenazi^[@bib32]^ and see [Figure 1](#fig1){ref-type="fig"}). Upon TRAIL ligation, TRAIL death receptors cluster into higher multimeric complexes and gain the capability of assembling a DISC (death-inducing signaling complex) at their intracellular DD. Through this domain, TRAIL-R1 and TRAIL-R2 recruit the adaptor protein FADD (Fas-associated protein with death domain) that in turn, via death effector domain (DED), recruits the inactive pro-forms of the initiator caspases pro-caspase-8 and -10. Proximity-induced self-cleavage of pro-caspases within the DISC leads to their activation and subsequent dissociation from the membrane-localized receptor complexes.

Besides death receptors, TRAIL can also bind to two additional plasma membrane-bound receptors, TRAIL-R3 and TRAIL-R4. TRAIL-R3 is a glycosylphosphatidylinositol-anchored receptor lacking transmembrane and cytoplasmatic domains and is therefore not capable of inducing intracellular signaling.^[@bib5]^ TRAIL-R4 is more homologous to the TRAIL death receptors, but because of a truncated DD, it is unable to induce apoptosis.^[@bib4],\ [@bib6]^

Efficiency of the initiator caspase activation may be influenced at the DISC level, for example, by variation of its composition. It has been shown that the complex formation between death receptors TRAIL-R1 and TRAIL-R2 and the apoptosis-incompetent receptors, TRAIL-R3 or TRAIL-R4, leads to impaired DISC function.^[@bib33],\ [@bib34]^ In addition, recruitment of the proteolytically inactive caspase homolog cFLIP (cellular FLICE-like inhibitory protein) represents an apoptosis-inhibiting mechanism.^[@bib35],\ [@bib36]^

In some cells, activated initiator caspases may directly activate the effector caspases −3, −6 and −7, which in turn cleave a broad range of protein substrates and execute cell death. Such cells have been classified as the so-called type I cells with respect to apoptosis induction.^[@bib37]^ In contrast, type II cells use the loop way via engagement of the intrinsic apoptosis pathway to amplify the death signal generated at the DISC. In these cells, caspase-8-mediated cleavage of the BH3-only protein Bid generates its truncated form (tBid) that, by association with Bax and Bak, leads to the mitochondrial outer membrane permeabilization (MOMP) and to the release of pro-apoptotic mitochondrial proteins like cytochrome *C*, Smac/Diablo (second mitochondria-derived activator of caspase/direct IAP binding protein with low pI) and HtrA2/Omi (high temperature requirement protein A2/Omi) into the cytosol. Cytosolic cytochrome *C* together with ATP and Apaf-1 (apoptotic protease activating factor-1) form a second caspase-inducing platform, the Apoptosome, that mediates the activation of caspase-9. Caspase-9, in turn, acts as an initiator caspase activating the effector caspases.

An alternative TRAIL-induced apoptosis pathway has been described in hepatocytes ([Figure 1](#fig1){ref-type="fig"}).^[@bib38]^ In these cells, TRAIL-R2 is internalized upon TRAIL stimulation by endocytosis, targeted via vesicular transport to lysosomes that become permeabilized and release cathepsin B, subsequently promoting cell demise. Lysosomal membrane permeabilization (LMP) as a precondition for the execution of apoptosis in these cells requires the PACS-2 (phosphofurin acidic cluster sorting protein 2)-mediated recruitment of Bim and Bax to lysosomal membranes.^[@bib39]^

Under conditions when caspases are inhibited, plasma membrane-expressed TRAIL death receptors may also induce an alternative death pathway known as necroptosis. For this pathway, a pivotal role of the kinases RIP-1 (receptor-interacting protein-1), RIP-3 as well as pseudo-kinase MLKL (mixed lineage kinase domain-like) has been shown,^[@bib40],\ [@bib41]^ but the exact molecular mechanisms of TRAIL-induced necroptosis are still not fully understood.

Over the past years, it has become increasingly evident that TRAIL-R1 and TRAIL-R2, besides death signaling pathways, can also activate multiple non-cell death signal transduction pathways like NF-*κ*B (nuclear factor *κ*-light-chain-enhancer of activated B cells), PKC (protein kinase C), PI3K (phosphatidylinositide 3-kinases), AKT/PKB, Src (Rous sarcoma virus oncogene cellular homolog) and TAK1 (transforming growth factor-*β* activated kinase 1), as well as different members of the MAP-kinase family like ERK1/ERK2 (extracellular regulated kinases), JNK (c-Jun N-terminal kinase) and p38 ([Figure 1](#fig1){ref-type="fig"}).^[@bib14],\ [@bib42],\ [@bib43],\ [@bib44],\ [@bib45],\ [@bib46],\ [@bib47],\ [@bib48],\ [@bib49],\ [@bib50],\ [@bib51]^

Regarding the molecular determinants for TRAIL-mediated activation of cell death or non-apoptotic pathways, the engagement of different protein complexes has been proposed. In this respect, non-apoptotic pathways have been suggested to be activated within a secondary signaling complexes formed downstream of the DISC.^[@bib52]^ Besides FADD and pro-capase-8, the secondary signaling complex also include specific adaptor proteins like RIP1, TRAF2 and Nemo.

Different localizations of aggregated TRAIL receptors within specific plasma membrane domains have also been proposed to determine the formation and activity of ligand-induced TRAIL-R1/R2 signaling complexes. Hence, aggregated TRAIL receptors localized in lipid rafts were shown to be involved in the apoptotic signaling, whereas those localized outside lipid rafts form complexes capable of non-apoptotic signaling.^[@bib53]^

Alternative to the MAPKs activation via secondary protein complexes, their stimulation via effector caspases was described in prostate cancer cells. Here, two different proteolytic fragments of Mst1 (mammalian sterile 20-like kinase 1) generated upon cleavage by caspases-3 or -7 selectively activate ERK or JNK and p38, respectively.^[@bib54]^

This multiplicity and heterogeneity of TRAIL-induced pathways, as briefly outlined, is responsible for the observed broad cellular effects of this cytokine ranging from the induction of cell death, establishment of a death-resistant phenotype and expression of pro-inflammatory molecules promoting cell proliferation, migration and invasion ([Figure 1](#fig1){ref-type="fig"}). Particularly in apoptosis-resistant tumor cells, TRAIL-induced pro-inflammatory pathways may result in enhanced invasion and metastasis *in vivo.*^[@bib42],\ [@bib55],\ [@bib56],\ [@bib57]^ A comprehensive overview of TRAIL-induced non-apoptotic signaling pathways and their functional relevance in different cellular systems is provided in the recent review by Azijli *et al.*^[@bib15]^

Cytoplasmic Locations and Functions of TRAIL Death Receptors
============================================================

In addition to their plasma membrane expression, TRAIL-R1 and TRAIL-R2 are also often found in the cytoplasm of several cell types ([Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}).^[@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib27],\ [@bib28],\ [@bib58],\ [@bib59],\ [@bib60],\ [@bib61],\ [@bib62],\ [@bib63]^ However, in most cases the cytoplasmic localization of TRAIL death receptors was not resolved in detail. Thus, it still remained unclear whether the intracellular staining in cancer cells observed by immunohistochemistry reflects localization of TRAIL receptors in the membranes of organelles within the secretory and/or endocytotic pathway or whether a non-membraneous cytosolic localization of the receptors was also detected in these cases. The presence of TRAIL-R1 and TRAIL-R2 in soluble cytosolic fractions of diverse tumor cells was demonstrated recently.^[@bib16]^ As the subcellular fractionation was performed without the use of any detergent, it can be concluded that these receptors are not anchored in intracellular membranes, but are present in the non-membraneous cytosolic compartment. The function of these soluble TRAIL death receptors remains to be shown.

In colon carcinoma, the cytoplasmic staining of TRAIL death receptors was interpreted as the presence of these receptors in the trans-Golgi network,^[@bib64]^ a finding previously described for melanoma cells.^[@bib65]^ The study on apoptosis-resistant breast cancer cells demonstrated the presence of TRAIL receptors in autophagosomes rather than the plasma membrane.^[@bib66]^ Treatment of these cells with different inhibitors of autophagy led to a re-appearance of both TRAIL death receptors on the cell surface and sensitized these cells toward TRAIL-mediated death. A correlation of apoptosis resistance with intracellular presence of death receptors in breast cancer cells was also proposed in another study.^[@bib59]^ Finally, as internalization of TRAIL death receptors in response to TRAIL treatment has been demonstrated in cell lines, the cytoplasmic localization of TRAIL receptors in tumor tissue could be caused by an autocrine or paracrine activation of their internalization by stroma and/or tumor cell-derived TRAIL. So far, however, this remains speculation and needs further investigation. Summing up, despite the variety of intracellular TRAIL death receptor locations, the frequently observed loss of TRAIL death receptors at the cell surface in tumors seems to be a general principle for the acquisition of TRAIL resistance in cancer cells. In addition, high cytoplasmic levels of these receptors as well as their presence in soluble form suggest specific pro-tumoral functions in this location.

TRAIL Death Receptors in the Nucleus
====================================

Few relatively recent studies show the localization of TRAIL receptors in the nucleus ([Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}).^[@bib16],\ [@bib27],\ [@bib31],\ [@bib59],\ [@bib65],\ [@bib67],\ [@bib68],\ [@bib69]^ An early report on the melanoma cell line, Mel-FH, demonstrated TRAIL-R1 as predominantly expressed in the nucleus, where it colocalized with TRAIL-R3 and TRAIL-R4.^[@bib65]^ Nuclear presence of TRAIL-R1 and TRAIL-R2 has also been shown for normal and psoriatic skin, with nTRAIL-R2 being more strongly expressed in psoriatic lesions and in the dermis of psoriatic skin compared with healthy skin.^[@bib70]^ In the same study, CD4+ and CD8+ cells of the inflammatory infiltrate showed exclusive nuclear staining for TRAIL-R1. Nuclear presence of TRAIL-R2 was also described for nonmalignant, normal lung bronchial epithelial cells in basal nuclei.^[@bib27]^ However, staining of these cell nuclei was in general weak and restricted to a small number of cells.

Only very few studies have addressed the functional relevance of nTRAIL-R2. Again, as for the presence of TRAIL-R1/R2 in the cytoplasm, the nuclear sequestration has been proposed as an apoptosis-resistance mechanism.^[@bib67],\ [@bib69]^ Trophoblast cells of the human placenta were found resistant to TRAIL-mediated apoptosis and expressed high levels of TRAIL-R2 that was mainly localized in the nucleus.^[@bib67]^ Following stimulation with TNF*α*, TRAIL-R2 relocated to the plasma membrane and the cells became TRAIL sensitive. Another study demonstrated that inhibition of the nuclear import of TRAIL-R2 sensitized HeLa and HepG2 cells to TRAIL-induced apoptosis.^[@bib69]^

Two very recent studies provide hints for surprizing and entirely novel functions of nTRAIL-R. In one report, the pattern of intracellular distribution of TRAIL-R during the development of the mouse CNS was studied. The authors demonstrated that the expression of TRAIL-R was not only restricted to proliferating zones but, importantly, was mainly located in the cell nuclei, suggesting a specific, proliferation-associated function of nTRAIL-R.^[@bib31]^ Another study investigating human nuclear TRAIL receptors finally uncovered specific functions of nTRAIL-R2 connecting this receptor to the process of miRNA maturation ([Figure 2](#fig2){ref-type="fig"}).^[@bib16]^ Briefly, in several different tumor cells, nTRAIL-R2 interacts with the core Microprocessor complex Drosha/DGCR8 and with several of its accessory proteins, p68, NF45 and hnRNPA1.^[@bib16]^ Through this interaction, nTRAIL-R2 inhibits maturation of the miRNA let-7 and consequently increases the levels of let-7 targets Lin28B and HMGA2. HMGA2 and Lin28B proteins are highly expressed in embryonic tissues, downregulated in differentiated tissues and, because of low expression of let-7, re-expressed in tumors, where their levels positively correlate with tumor progression.^[@bib71],\ [@bib72],\ [@bib73]^ In this scenario, inhibition of let-7-maturation by nTRAIL-R2 enhances the malignancy of tumor cells. In line with this notion, it was observed that TRAIL-R2 was expressed at higher levels in cell nuclei of PDAC tissue than in nuclei of peritumoral normal duct cells. Moreover, high nTRAIL-R2 correlated with high nuclear HMGA2 expression in the same tissue and with worse prognosis of patients with early-stage PDAC.^[@bib16]^ Furthermore, knockdown of TRAIL-R2 resulted in decreased growth of experimental orthotopic tumors in mice, and progressive decrease of TRAIL-R2 expression as well as its exclusion from the nuclei accompanied the differentiation of pancreatic tumor cells into three-dimensional duct-like structures *in vitro*.^[@bib16]^ The correlation of nuclear localization of TRAIL receptors and survival of cancer patients was analyzed, to the best of our knowledge, in only one additional report. In a study on NSCLC tumors from patients treated with chemotherapy, all four TRAIL receptors were detected in the nuclei and cytoplasm.^[@bib68]^ In these patients, however, high nuclear and cytoplasmic expression of TRAIL-R2 correlated with improved survival. However, it is well known that chemotherapeutic agents upregulate TRAIL-R2 in cells with wild-type p53. Unfortunately, the p53 status was not analyzed in this study and it may be possible that the observed positive correlation simply reflects the better prognosis of patients with wild-type p53. In agreement with this interpretation, other studies on untreated lung cancer patients,^[@bib27],\ [@bib28]^ as well as patients suffering from other cancers, have instead found negative correlations between high overall expression of TRAIL-R2 and the survival time of the patients.

The nuclear presence of TRAIL death receptors represents a new example of plasma membrane receptors that can localize to the nucleus, where they elicit functions distinct from their canonical signal transduction pathways that originate at the plasma membrane. Most prominently, the receptor tyrosine kinases (RTKs), and among them the members of the epidermal growth factor receptor (EGFR) family, have been found to shuttle to the nucleus in response to ligand binding (reviewed by Carpenter and Liao^[@bib74]^ and Wang *et al.*[@bib75]). Here, via interaction with classical transcription factors or with RNA helicase A (RHA), nuclear EGFRs activate the expression of several target genes.^[@bib76],\ [@bib77],\ [@bib78],\ [@bib79],\ [@bib80],\ [@bib81]^ In addition, via interaction with RNA-polymerase I, EGFR2 increases rRNA expression and cellular translation.^[@bib82]^ EGFRs may also phosphorylate nuclear proteins such as PCNA,^[@bib83]^ and DNA-dependent protein kinase (DNA-PK),^[@bib84],\ [@bib85],\ [@bib86]^ thus influencing a variety of other nuclear processes like DNA replication and DNA damage repair.

Other RTKs found in the nucleus are fibroblast growth factor receptors (FGF-R1, -R2 and -R3; reviewed by Bryant and Stow^[@bib87]^) vascular endothelial growth factor receptors (VEGF-R1, see Cai *et al.*^[@bib88]^ and VEGF-R2, see Shay-Salit *et al.*^[@bib89]^) insulin receptor,^[@bib90]^ cMet,^[@bib91]^ TrkA,^[@bib92]^ growth hormone receptor^[@bib93]^ and receptor tyrosine kinase-like orphan receptor 1 (Ror1).^[@bib94]^ Particularly well understood are functions of nuclear FGF-R1 that, via its interaction with 90-kDa ribosomal S6 kinase (RSK1), activates the transcription factor CREB, thus regulating the transcription of genes involved in proliferation and differentiation.^[@bib95]^ As RSK1 phosphorylates several transcription factors as well as histone H3, the ability to activate RSK1 enables nuclear FGF-R1 to regulate a plethora of biological processes.

Besides RTKs, other types of cell surface transmembrane receptors have also been described as being localized in the nucleus. Type I transforming growth factor *β* receptor (T*β*R1) can localize to the nucleus following TGF-*β* treatment,^[@bib96]^ where it can interact with hnRNPA1, thus stimulating the alternative splicing of pre-mRNA for EGFR1.^[@bib97]^ It is noteworthy that hnRNP A1, besides its known regulatory role in splicing, was also described as an accessory protein of the Microprocessor complex interacting with nTRAIL-R2 in this context.^[@bib16]^ However, in contrast to the findings for TRAIL-R2, no association of T*β*R1 with miRNA maturation has been described till now.

CD40 and the B cell-activating factor receptor (BAFF-R), both members of the TNF receptor superfamily, also localize to the nucleus in normal and malignant B cells, in addition to their plasma membrane expression. In the nucleus, these receptors interact with c-Rel and enhance transcription of several NF-*κ*B target genes.^[@bib98],\ [@bib99]^ Nuclear BAFF-R, in addition, interacts with IKK-*β* and histone H3, leading to increased IKK-*β*-mediated phosphorylation of histone H3.^[@bib99]^

The surprising role of nTRAIL-R2 in regulating let-7-maturation strongly demands future research on the mechanisms of intracellular trafficking of this receptor. Regarding the mechanism by which full-length plasma membrane receptors passage to the nucleus, the intracellular trafficking of RTKs might serve as a model. Following ligand binding at the cell surface, EGFRs are internalized via endocytosis, moved by retrograde transport in endosomal vesicles into the ER and subsequently translocated through the ER membrane into the cytosol by action of the Sec61 translocon.^[@bib100]^ Free cytosolic full-length receptors can then be bound at their tripartite nuclear localization motif (NLS) by *β*-importin and finally imported into the nucleus through the nuclear pore complex.^[@bib101]^ An alternative model for the entry of full-length EGFR family members into the nucleus involving a passage of these receptors into the nucleoplasm through a Sec61 translocon in the inner nuclear membrane has also been proposed.^[@bib102]^ For FGF-R1 it was shown that soluble cytoplasmic and nuclear forms and, on the other hand, plasma membrane receptors represent separated pools of different origin and with distinct functions.^[@bib103]^ It has been proposed that FGF-R1 is synthesized at ER-attached polyribosomes and either enters Golgi, becomes extensively glycosylated and reaches the plasma membrane or, in non-glycosylated form, exits pre-Golgi vesicles and translocates as soluble cytoplasmic form complexed with RSK1 into the nucleus via nuclear pores.^[@bib103]^ The origin of the soluble form of nTRAIL-R2 as well as the mode of its nuclear translocation is currently completely unknown. The receptors may either originate from the plasma membrane or from the non-membraneous soluble cytoplasmic receptor pool. The latter pathway seems to be more likely, as neither inhibition of endogenous secreted or plasma membrane expressed TRAIL via neutralizing antibodies nor the treatment of cells with recombinant TRAIL influenced the nuclear levels of TRAIL-R2.^[@bib16]^ Two nuclear localization sequences (NLS) have been identified in TRAIL-R2. It has been reported recently that mutation of these sequences or knockdown of importin-*β* resulted in a diminished nuclear presence of TRAIL-R2 and, in parallel, enhanced expression at the plasma membrane.^[@bib69]^ In contrast to this study, experiments performed in our laboratory using the same NLS-mutated TRAIL-R2 form did not reveal any impact of these NLS sequences on the nuclear import of the recombinant TRAIL-R2 in Panc1 and MDA-MB-231 cells (A. Trauzold, unpublished observations). However, we cannot rule out that the overexpressed NLS-mutated TRAIL-R2 interacts with endogenous TRAIL death receptors and utilize them as Trojan horses for nuclear import in these cells. Further studies are necessary to clarify the exact mechanism of the translocation of TRAIL-R2 to the nucleus.

Another important question concerns the mechanism(s) by which nTRAIL-R2 inhibits the Drosha-mediated processing activity toward pri-let-7. Drosha and DGCR8 constitute the core of the Microprocessor complex that associates with multiple accessory proteins as hnRNPA1, p68, KSRP, NF45 and NF90. The core complex is capable of pri-miRNA processing in the absence of cofactors, whereas the associated factors in the larger complex may facilitate or alter the selectivity of nuclear miRNA processing.^[@bib104]^ Accordingly, pri-let-7 is processed in a complex manner involving stimulatory factors (p68 and KSRP) as well as inhibitors (hnRNPA1, NF45 and NF90; [Figure 3](#fig3){ref-type="fig"}).^[@bib105],\ [@bib106],\ [@bib107],\ [@bib108],\ [@bib109]^ It seems likely that nTRAIL-R2 modulates the pri-let-7 processing by interaction with NF45, hnRNPA1 and p68.^[@bib16]^ This may be facilitated by either sequestration of activators or stabilization of an inhibitory complex.

It can be assumed that via its interaction with aforementioned proteins, nTRAIL-R2 might also influence the maturation of other miRNAs in addition to let-7. In this respect it is worth mentioning that p68 has been implicated in the recognition of a subset of pri-miRNAs targeting these for Drosha-mediated processing.^[@bib110]^ Analysis of global changes of miRNA levels in cells with knockdown of TRAIL-R2 indicates the existence of further TRAIL-R2-regulated miRNA, besides the members of the let-7-family being most prominently represented.^[@bib16]^ However, the array results have to be independently verified and, in addition, the question of whether these miRNAs are regulated by nTRAIL-R2 or by plasma membrane-expressed TRAIL-R2 remains to be answered.

Further investigations should also tackle the structural basis for the interactions of nTRAIL-R2 with proteins of the Microprocessor complex. As the core components Drosha and DGCR8 were found to interact with TRAIL-R2 in an indirect manner, attempts should be made to delineate the physical contact sites between TRAIL-R2 and the accessory proteins, that is, hnRNPA1, p68, NF45 and NF90. Insights into the structural constraints of the interaction sites might allow the design of pharmacological inhibitors of these interactions, opening opportunities for targeted therapeutic interventions in the future.

Conclusions and Future Prospects
================================

In spite of more than a decade of research on TRAIL death receptors, until very recently only their canonical signaling functions at the plasma membrane or within the endosomal/lysosomal compartment have been investigated. However, a number of reports also pointed to the intracellular presence of TRAIL-R1 and TRAIL-R2. In intracellular compartments, TRAIL death receptors are likely to neither contribute to canonical apoptosis signaling nor to non-apoptotic signal transduction, regardless of whether they are soluble within cytosol, trapped within the trans-Golgi network, in autophagosomes or are present in the nucleus. The elevated intracellular expression of TRAIL death receptors in cancer and the emerging evidence for their compartmentalization-dependent functions make clear that it is not sufficient to determine the general receptor expression in cells or tissues in a given experimental context. Instead, it is important to perform differentiated analyses of the subcellular distribution of receptors for the understanding of both the molecular biology and the disease-related relevance of TRAIL death receptors, especially when conclusions on the impact of these receptors for disease prognosis are drawn.

Now, a first study has demonstrated a functional impact of the nuclear localization of TRAIL death receptors in cancer cells. TRAIL-R2 was found to associate with components of the large Microprocessor complex inhibiting the processing of pri-let-7 miRNA. This strongly augments the malignant potential of these tumor cells. Such an effect of nTRAIL-R2 on miRNA processing is clearly distinct from the known nuclear functions of other cell surface receptors as EGFR family members, other RTKs or cytokine receptors that can modulate DNA-associated processes like replication, transcription or DNA damage repair and RNA splicing.

Thus, these novel findings will stimulate the search for unknown TRAIL-R2-specific nuclear functions, among them regulation of other miRNAs and possibly also RNA- and DNA-targeting mechanisms. This will further broaden the range of possibly affected nuclear regulatory processes of plasma membrane receptors that emerge as important regulators in the cell nucleus. The findings on a specific function of nTRAIL-R2 should also promote the search for possible unknown nuclear functions of other members of the death receptor family. In this respect, the capability of TRAIL-R1 and TRAIL-R4 to specifically interact with TRAIL-R2 in the nucleus also raises the question of the capacity of these receptors to modulate the nuclear functions of TRAIL-R2. Finally, these recent insights into TRAIL receptor biology might open new perspectives for anti-cancer therapies targeting processes regulated by nTRAIL-R2.
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![Functions of plasma membrane-localized TRAIL death receptors. Following binding of their ligand, TRAIL death receptors TRAIL-R1 and TRAIL-R2 are able to induce cell death (apoptosis or necroptosis). Alternatively, these receptors may also enhance cell proliferation, inflammation, migration and invasion via activation of multiple 'non-death-inducing\' signal transduction pathways. LMP, lysosomal membrane permeabilization; MOMP, mitochondrial outer membrane permeabilization](cddis2014351f1){#fig1}

![Nuclear functions of TRAIL-R2. Nuclear TRAIL-R2 interacts with the core Microprocessor complex and its accessory proteins. This inhibits maturation of the let-7 miRNA and results in an increase of the let-7 targets HMGA2 and Lin28B, finally enhancing cell proliferation. The mechanism of the TRAIL-R2 entrance into the nucleus is still not known. The importin-*β*-mediated transport through nuclear pores or an alternative pathway through Sec61 translocons known to be responsible for the nuclear import of other plasma membrane receptors are possible](cddis2014351f2){#fig2}

![Role of nuclear p68, KSRP, hnRNPA1 and NF45/NF90 in pri-let-7-processing. Processing of pri-let-7 by the Microprocessor complex Drosha/DGCR8 is subjected to complex regulation by positive and negative factors. P68, as a more general factor, may function as a scaffolding protein, bringing Drosha and accessory proteins together.^[@bib106]^ In addition, p68 can also unwind let-7 miRNA duplex, facilitating the loading of pri-miRNA into Microprocessor complex.^[@bib105]^ KSRP binds specifically to the loop region of pri-let-7 promoting Drosha-mediated processing, whereas binding of hnRNPA1 to this region not only prevents the recruitment of KSRP, but also inhibits pri-let-7 processing.^[@bib107],\ [@bib108]^ Similarly, NF45 and NF90, acting mainly as a dimer, can specifically bind to pri-let7 and inhibit its maturation to pre-let-7^[@bib109]^](cddis2014351f3){#fig3}

###### Intracellular detection of TRAIL death receptors in human tissues

  **Tissue**                                               **Cell compartment**[a](#t1-fn1){ref-type="fn"}    **TRAIL-R**  **Clinical relevance**                                                                                                                                                                    **Reference**
  -------------------------------------------------------- ------------------------------------------------- ------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------
  Colorectal carcinoma                                     Cytoplasm                                             1, 2      TRAIL-R1 is an independent prognostic marker for better prognosis                                                                                                                             18,19
  Colorectal carcinoma                                     Cytoplasm                                             1, 2      Less progressive disease in high expressors of TRAIL-R1 during 5-FU therapy                                                                                                                    58
  Colon cancer                                             Cytoplasm                                             1, 2      ND                                                                                                                                                                                             64
  Breast cancer                                            Cytoplasm/nucleus                                     1, 2      TRAIL-R1 expression positively correlates with tumor grade                                                                                                                                     60
  Breast cancer                                            Cytoplasm                                             1, 2      High TRAIL-R2 expression correlates with poor prognosis                                                                                                                                       20,21
  Renal carcinoma                                          Cytoplasm                                               2       High TRAIL-R2 expression correlates with poor prognosis                                                                                                                                        61
  Non-small-cell lung cancer                               Cytoplasm/nucleus                                       2       High TRAIL-R2 expression correlates with poor prognosis                                                                                                                                        27
  Non-small-cell lung cancer                               Cytoplasm                                             1, 2      High TRAIL-R2 expression correlates with poor prognosis                                                                                                                                        28
  Non-small-cell lung cancer                               Cytoplasm/nucleus                                       2       High expression of nuclear and cytoplasmic TRAIL-R2 correlates with improved patient survival                                                                                                  68
  Melanoma                                                 Cytoplasm                                             1, 2      High TRAIL-R2 expression correlates with better prognosis                                                                                                                                      62
  Pancreatic ductal adenocarcinoma                         Cytoplasm                                             1, 2      Plasma membrane expression of TRAIL-R2 correlates with better prognosis in patients without nodal metastases at the time of surgery                                                            17
  Pancreatic ductal adenocarcinoma                         Cytoplasm nucleus                                       2       High nuclear TRAIL-R2 expression correlates with poor prognosis of patients with early stages                                                                                                  16
  Glioblastoma multiforme                                  Cytoplasm                                             1, 2      High TRAIL-R1 expression correlates with better prognosis                                                                                                                                      22
  Head and neck squamous cell carcinoma                    Cytoplasm                                               2       High TRAIL-R2 expression in primary tumors without metastasis correlates with better prognosis, but high TRAIL-R2 expression in tumors with metastasis correlates with worse prognosis         23
  Oral squamous cell carcinoma                             Cytoplasm                                             1, 2      High TRAIL-R2 expression correlates positively with tumor size                                                                                                                                 26
  Cervical cancer                                          Cytoplasm                                             1, 2      High expression but no prognostic relevance                                                                                                                                                    24
  Bladder cancer                                           Cytoplasm                                             1, 2      High TRAIL-R1 and -R2 expression correlates with better prognosis                                                                                                                              29
  Normal and psoriatic skin lesions                        Cytoplasm/nucleus                                     1, 2      ND                                                                                                                                                                                             70
  CD16+, CD56+ and CD68+ cells in psoriatic skin lesions   Cytoplasm                                               2       ND                                                                                                                                                                                             70
  CD4+ and CD8+ cells in psoriatic skin lesion             Nucleus                                                 1       ND                                                                                                                                                                                             70

Abbreviation: ND, not determined

Only intracellular compartments are listed. In many cases, TRAIL death receptors were also observed at the plasma membrane. 'Cytoplasm\' may comprise all intracellular localizations except the nucleus, as immunohistochemical analyses normally do not discriminate between membranous cytoplasmic compartments and cytosol

###### Intracellular detection of TRAIL death receptors in cultured cell lines and primary cells

  **Cell line / cells;origin**              **Cell compartment**[a](#t2-fn1){ref-type="fn"}    **TRAIL-R**  **Proposed function**                                               **Reference**
  ----------------------------------------- ------------------------------------------------- ------------- ------------------------------------------------------------------ ---------------
  HCT116;                                   Cytoplasm                                               1       ND                                                                       16
  colorectal carcinoma                      Nucleus                                                 1       ND                                                                         
                                            Cytoplasm                                               2       ND                                                                         
                                            Nucleus                                                 2       Inhibition of let-7 maturation                                             
  MDA-MB-231;                               Cytoplasm                                               1       ND                                                                       16
  breast cancer                             Nucleus                                                 1       ND                                                                         
                                            Cytoplasm                                               2       ND                                                                         
                                            Nucleus                                                 2       Inhibition of let-7 maturation                                             
  Panc1, BxPC3,                             Cytoplasm                                               1       ND                                                                       16
  Panc89, Colo357, A818-6;                  Nucleus                                                 1       ND                                                                         
  pancreatic cancer                                                                                                                                                                    
                                            Cytoplasm                                               2       ND                                                                         
                                            Nucleus                                                 2       Inhibition of let-7 maturation                                             
  AU565, BT474, HCC1428,                    Cytoplasm                                             1, 2      Correlation with resistance to TRAIL-                                    59
  MDA-MB-453, MDA-MB-361; breast cancer     Nucleus                                                         mediated apoptosis                                                         
  BT474, AU565; breast cancer               Autophagosomes                                        1, 2      Resistance to TRAIL-mediated apoptosis                                   66
  Placental primary cytotrophoblast cells   Nucleus                                                 2       Correlates with apoptosis resistance                                     67
  Huh-7; hepatocellular carcinoma           Lysosomes                                               2       TRAIL-R2-dependent lysosomal permeabilization promotes apoptosis         38
  HepG2; hepatocellular carcinoma           Nucleus                                                 2       Resistance to TRAIL-mediated apoptosis                                   69
  HeLa; cervix carcinoma                    Nucleus                                                 2       Resistance to TRAIL-mediated apoptosis                                   69
  Mel-FH; melanoma                          Nucleus                                                 1       ND                                                                       65

Abbreviation: ND, not determined

Only intracellular compartments are listed. In many cases, TRAIL death receptors were also observed at the plasma membrane. 'Cytoplasm\' may comprise all intracellular localizations except the nucleus, as immunodetection normally does not discriminate between membranous cytoplasmic compartments and cytosol
